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Initial investigation of B. oleae microbiota. Total DNA was individually extracted from third-instar larvae and late pupae (10 to 11 days old) or adults of the laboratory strain by using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Amplification of the 16S rRNA gene was performed using two different sets of universal bacterial primers. The first pair, which amplified a 1,324-bp fragment, consisted of 63F (5Ј-CAG GCC TAA CAC ATG CAA GTC-3Ј) and 1387R (5Ј-GGG CGG WGT GTA CAA GGC-3Ј) (23) . The second pair, generating a 1,472-bp amplicon, consisted of fD1 (5Ј-CCG AAT TCG TCG ACA ACA GAG TTT GAT CCT GGC TCA G-3Ј) and rP2 (5Ј-CCC GGG ATC CAA GCT TAC GGA TAC CTT GTT ACG ACT T-3Ј) (43) . Both pairs of primers were used under the following PCR conditions: 3 min at 94°C, followed by 35 cycles of 3 min at 94°C, 1 min at 50°C, and 1 min at 70°C, and then a final extension of 10 min at 72°C using Taq DNA polymerase (Promega, Madison, MI). PCR products were purified with a QIAquick Gel Extraction Kit (Qiagen) and sequenced, and sequences were compared to the National Center for Biotechnology Information (NCBI) databases using BLASTn (1) .
16S rRNA gene libraries. One male and one female from the laboratory strain were randomly chosen for the establishment of 16S rRNA gene libraries. DNA from the insect and its associated microorganisms was extracted using a QIAamp DNA minikit (Qiagen) and used as a template in PCRs with the universal bacterial 16S rRNA primers 63F and 1387R. 16S rRNA gene products were purified with a QIAquick gel extraction kit (Qiagen) and then cloned into the pGEM-T Easy Vector (Promega, Madison, MI) and transformed into JM109 competent cells (Promega). More than 60 16S rRNA gene clones from each library were fully sequenced and analyzed.
TEM analysis. Adult insects were dissected with sterile scalpels and small forceps in a sterile saline solution and fixed in 0.1 M cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde for 3 h at 4°C. The samples were then washed and fixed in 1% OsO 4 in 0.1 M cacodylate buffer (pH 7.2) for 1.5 h at 4°C. All samples were successively dehydrated in ethanol and embedded in Epon 812. Semithin sections were stained with 0.05% toluidine blue in 1% sodium tetraborate and examined by optical microscopy. Thin sections (80 nm) were stained with uranyl acetate and lead citrate and examined under a Zeiss EM900 transmission electron microscope (TEM) at 80 kV.
A. tropicalis-specific PCR assay. One microliter of the insect DNA was used as a template in PCRs with A. tropicalis-specific primers AcetF3 (5Ј-AAT GAC TGG GCG TAA AGG G-3Ј) and AcetR3 (5Ј-GGA CAC AGC CTA CAC ATA CA-3Ј). The PCRs were performed in a final volume of 20 l using 20 pmol of each primer, a 0.125 M concentration of the deoxynucleoside triphosphates, 1.5 mM MgCl 2 , and 1 U of Taq polymerase using the company-supplied buffer (HyTest Ltd., Turku, Finland). Reactions were performed as follows: an initial denaturation step of 4 min at 94°C, followed by 35 cycles consisting of 45 s at 94°C, annealing for 45 s at 62°C, and elongation for 45 s at 72°C. The final extension step was 7 min at 72°C. Wolbachia-infected Drosophila DNA was used as a negative control. At least four PCR clones from each population of B. oleae were sequenced.
Isolation of A. tropicalis. A. tropicalis strains were repeatedly isolated from laboratory-reared insects (adults and pupae). At least two insects were used for each isolation attempt. Enrichment medium 1 was used as described previously (21) . Pupae were surface sterilized in 1% sodium hypochlorite for 2 min, washed three times with sterile 0.9% NaCl, and homogenized by grinding in 200 l of 0.9% NaCl. Adults were washed three times by rinsing with sterile 0.9% NaCl, followed by homogenization in 200 l of 0.9% NaCl. The homogenate was inoculated into enrichment medium 1 (21) and incubated at 30°C for 3 days with shaking. When microbial growth was detected, microorganisms were streaked on CaCO 3 agar plates, pH 6.8, as previously described (21) . After 3 days of incubation, circular nonpigmented colonies capable of clearing CaCO 3 were chosen and streaked on fresh medium. All isolates were tested for the capability to grow at 42°C on GLY medium (2.5% glycerol and 1% yeast extract, pH 5).
16S rRNA gene-based identification and fingerprinting analyses of A. tropicalis isolates. Chromosomal DNA was extracted from the isolates through treatment with proteinase K and sodium dodecyl sulfate, as previously described (13) . The 16S rRNA gene was amplified with universal bacterial 16S rRNA gene primers 27F (5Ј-TCG ACA TCG TTT ACG GCG TG-3Ј) and 1495R (5Ј-CTA CGG CTA CCT TGT TAC GA-3Ј). The PCR products were sequenced, and the sequences were compared to the databases at the NCBI using BLASTn and aligned with their closest type strain relatives using Clustal W (http://align .genome.jp/). Phylogenetic analyses were performed using Jukes and Cantor distance estimation with the TREECON software, version 1.3b. A 50% majority rule bootstrap consensus tree (2,000 replicates) was generated. Gaps were treated as a fifth base.
Internally transcribed spacer (ITS)-PCR fingerprinting was performed with primers ITSF (5Ј-GCC AAG GCA TCC AAC-3Ј) and ITSR (5Ј-GTC GTA ACA AGG TAG CCG TA-3Ј), as previously described (9) . tRNA-PCR fingerprinting was performed with primer T3A (5Ј-GGG GGT TCG AAT TCC CGC CGG CCC CA-3Ј) according to standard protocols (5). BOX-PCR was performed with primer BOX-A1 (5Ј-CTA CGG CAA GGC GAC GCT GAC-3Ј) as previously described (42) . Randomly amplified polymorphic DNA (RAPD)-PCR was performed with primer Opa4 (5Ј-ATT CGG GCT G-3Ј), according to standard protocols (9) .
Transformation of A. tropicalis BA1.3 with the plasmid pHM2-GFP. Plasmid pHM2-GFP (where GFP is green fluorescent protein) (13) was electroporated into A. tropicalis strain BA1.3. Electrocompetent cells were prepared as previously described with slight modifications (28) . Briefly, late-exponential phase cells grown in GLY medium were washed twice with cold 1 mM HEPES, pH 7, and once with cold 10% (vol/vol) glycerol. Finally, the cells were resuspended in 10% (vol/vol) cold glycerol to give 150-times-concentrated competent cells. Aliquots were stored at Ϫ80°C. A total of 750 ng of plasmid DNA was mixed with 65 l of competent cells, transferred to a cold 0.1-cm-diameter cuvette, and pulsed at 2,000 V with an Electroporator 2510 (Eppendorf, Milan, Italy). Immediately after the pulse, 1 ml of GLY medium was added to the cells, followed by incubation at 30°C for 4 h. Transformed cells were chosen by plating on GLY agar medium containing 100 g ml Ϫ1 kanamycin, 40 g ml Ϫ1 5-bromo-4-chloro-3-indolyl-␤ -D-galactopyranoside, and 0.5 mM isopropyl-␤-D-thiogalactopyranoside for the detection of a Lac ϩ phenotype. After 48 h of incubation at 30°C, blue transformants were chosen. GFP expression and the identity of strain BA1.3 transformants were verified by fluorescence microscopy and 16S rRNA gene sequencing, respectively.
Evaluation of A. tropicalis BA1.3(GFP) plasmid stability. The generation time of strain BA1.3(GFP) was estimated by monitoring its growth in GLY medium. The stability of plasmid pHM2-GFP in strain BA1.3(GFP) was evaluated as previously described (15) . A. tropicalis BA1.3(GFP) was grown in GLY medium with 100 g ml Ϫ1 kanamycin and diluted the next day into GLY medium without antibiotic. The culture was grown to an optical density at 600 nm (OD 600 ) of 1 before dilution. This was done three consecutive times over the course of the experiment. The proportion of kanamycin-resistant bacterial cells was determined by plating on GLY plates containing 100 g ml Ϫ1 kanamycin every time the culture reached an OD 600 of 1. Total cell number was determined by plating on GLY plates without antibiotic.
Colonization experiments of B. oleae with A. tropicalis BA1.3(GFP). A. tropicalis BA1.3(GFP) was grown in GLY medium containing 100 g ml Ϫ1 kanamycin to a concentration of 10 8 cells ml Ϫ1 . After being harvested, the cells were washed and resuspended in sterile water to a final concentration of 2 ϫ 10 8 cells ml Ϫ1 or 1 ϫ 10 9 cells ml Ϫ1 for the colonization experiments of olive fruit fly larvae or adults, respectively.
For the colonization experiments, three sterile petri dishes were prepared containing 2 g of sterile food and 10 larvae (4 days old) each. To the first dish, 500 l of the bacterial suspension containing 200 g ml Ϫ1 kanamycin was added, while to the second and third dishes, 200 l ml Ϫ1 kanamycin in 500 l of sterile water and just 500 l of sterile water were added, respectively. The colonization experiments described above were performed in duplicate. The larvae were allowed to feed for 72 h. Every 24 h, 200 g ml Ϫ1 kanamycin was added to the petri dishes. Every 24 h after feeding, insect organs and tissues were dissected in Ringer solution (6.5 g liter Ϫ1 NaCl, 0.14 g liter Ϫ1 KCl, 0.2 g liter Ϫ1 NaHCO 3 , 0.12 g liter Ϫ1 CaCl 2 ⅐ 2H 2 O, 0.01 g liter Ϫ1 NaH 2 PO 4 ⅐ 2H 2 O, pH 6.8). Organs and tissues were fixed in 4% paraformaldehyde at 4°C for 10 min and mounted in glycerol for analysis by fluorescence microscopy (Eclipse 80i; Nikon, Japan) and confocal laser scanning microscopy (CLSM) (Eclipse 80i; Nikon, Japan).
As a further control of B. oleae larva colonization by A. tropicalis, cocolonization experiments with both A. tropicalis BA1.3(GFP) and Escherichia coli DH5␣ pKan(DsRed) were carried out. A. tropicalis BA1.3(GFP) and E. coli DH5␣ pKan(DsRed) were grown in GLY and LB medium, respectively, both supplemented with 100 g ml Ϫ1 kanamycin. Cells were harvested by centrifugation, washed, and resuspended in sterile water to a final concentration of 2 ϫ 10 8 cell ml Ϫ1 . A total of 500 l of each A. tropicalis BA1.3(GFP) and E. coli DH5␣ pKan(DsRed) cell suspension was mixed, supplemented with 100 g ml Ϫ1 kanamycin, and administered to 10 larvae placed, in duplicate, in a petri dish. Four control experiments with the administration of 100 g ml Ϫ1 kanamycin or A. tropicalis BA1.3(GFP) or E. coli DH5␣ pKan(DsRed) or water were performed.
Colonization experiments of adults were performed by placing 20 adults (1 day old), 10 females and 10 males, in a small cage. A 100-l bacterial suspension (10 7 or 10 8 cells) was added to 0.5 g of adult sterile food containing 200 g ml Ϫ1 kanamycin, and small drops of the obtained mixture were placed inside the cage on parafilm-covered glass slides. Appropriate controls without the addition of bacteria were done; these included a cage with 20 insects fed with the sterile food without the addition of the transformed bacteria or kanamycin and a second cage with 20 insects fed with the sterile food containing 200 g ml Ϫ1 kanamycin. The insects were allowed to feed for 72 h. Every 24 h, 200 g ml Ϫ1 kanamycin was added to the adult food. Every 24 h postfeeding, organs and tissues were dissected in Ringer solution and were fixed and mounted in glycerol for fluorescence microscopy and CLSM analyses.
RESULTS AND DISCUSSION
Bacterial diversity in B. oleae and isolation of A. tropicalis. DNA extracted from laboratory as well as from field-collected olive fruit flies was used for 16S rRNA gene PCR amplification with two different sets of universal bacterial primers. Male and female adults, third-instar larvae, and late pupae (10 to 11 days old) were analyzed. Surprisingly, direct sequencing of the obtained PCR products revealed the presence, in all tested samples, of a single bacterial species, the acetic acid bacterium A. tropicalis with a nucleotide identity of 99.7% to A. tropicalis strain A77 (DQ523494). This indicates either that the chromosomes of this bacterium by far outnumbered those of other bacteria or that the PCR primers used were biased.
Two 16S rRNA gene libraries were established, one from a male and the other from a female (1-day-old adults were used). Sequence analysis confirmed the presence of A. tropicalis as well as the presence of Enterococcus faecalis and Paenibacillus glucanolyticus ( Table 1 ). The three bacterial species were detected both in male and female insects. A. tropicalis and E. faecalis were more abundant in the male while P. glucanolyticus was more abundant in the female.
The bacterial diversity associated with the insect was also studied by ultrastructural analysis. Midguts of male and female B. oleae insects were shown to harbor a polymorphic bacterial community. However, electron microscopy analysis alone cannot establish whether this association was transient or permanent. Four different morphotypes of gram-negative bacteria were recognized, as shown in Fig. 1 clone libraries was one with features typical of acetic acid bacteria: bacterial cells lined by an extracellular fibrous matrix and characterized by a peripheral electron-dense cytoplasm and a nucleoplasm appearing as a filamentous bright structure (Fig. 1E) . Such features would be expected for A. tropicalis. Our isolation attempts were mainly based on use of enrichment medium 1, which has been specifically designed for the isolation of bacteria of the family Acetobacteraceae (21) . With the use of this approach, it was possible to obtain in culture A. tropicalis isolates from B. oleae, as shown in Fig. 2A . Twentyfour circular nonpigmented colonies capable of clearing CaCO 3 in the agar medium were chosen as putative acetic acid bacteria. All strains were tested successfully for growth at 42°C, a feature of A. tropicalis (30) . The isolation of A. tropicalis was confirmed by partial sequencing (about 700 bp) of the 16S rRNA gene of all the isolates. All 24 sequences showed more than 98% identity with the 16S rRNA gene sequence of A. tropicalis A77 (DQ523494), forming a distinct phylogenetic clade (Fig. 2B) ; whether this clade corresponds to a distinct species demands further investigation. The isolation of A. tropicalis was performed repeatedly from both laboratory and natural populations in different seasons over a period of 2 years (2006 to 2008), suggesting that A. tropicalis is stably associated with the olive fly.
The prevalence of A. tropicalis in field-collected olive fruit flies from 10 different areas in Greece was evaluated with an A. tropicalis-specific PCR. All 220 flies tested (10 males and 10 females from each of the 10 natural and the single laboratory populations studied) were positive for the presence of A. tropicalis. Several of these PCR products were sequenced and showed higher than 99% nucleotide identity with A. tropicalis. It is noteworthy that the bacterium "Ca. Erwinia dacicola," which was recently proposed to be one of the major symbionts of the olive fruit fly (7), was never detected in the laboratory colony of B. oleae; however, it was present in all field-collected olive fruit flies (data not shown). A. tropicalis, however, was consistently detected by all methods used in both laboratory and natural populations studied.
Phylogenetic analysis and molecular typing of A. tropicalis isolates. Almost the entire 16S rRNA gene of three A. tropicalis isolates (BP4.2, BA1.3, and BA1.5) was sequenced and used for phylogenetic analysis. As shown in Fig. 2B , the isolates BP4.2, BA1.3, and BA1. (Fig. 3A) and RAPD-PCR (Fig. 3B ) were able to distinguish several profiles among the strains examined. BOX-PCR discriminated two band pattern types with more than 10 bands in the range between 300 and 3,000 bp. One profile was represented in 23 out of 24 strains examined. RAPD-PCR unraveled three genotypes, which were characterized by complex band patterns between 300 and 4,000 bp. Eighteen strains showed the same pattern type, while the other two patterns were both represented by three strains. This typing survey of the molecular diversity of A. tropicalis associated to B. oleae showed that a single insect can be colonized by different symbiotic strains. Similar multiple infection phenomena have been reported in insects associated with Wolbachia (44) . Colonization experiments of B. oleae with A. tropicalis BA1.3(GFP). Strain BA1.3, representing the most abundant genotype, was chosen for labeling with a plasmid carrying the GFP cassette and for colonization experiments of both larva and adult flies. Due to the rapid loss of this plasmid, the colonization experiments were carried out under antibiotic selection by administering 200 g ml Ϫ1 kanamycin in the insect food every day. The sensitivity of A. tropicalis BA1.3(GFP) to 200 g ml Ϫ1 kanamycin had been previously evaluated in GLY medium plates, revealing no sensitivity to the antibiotic.
Fluorescence microscopy analysis indicated the localization of the GFP-tagged A. tropicalis within the larval gut ( Fig. 4A and B). All tested specimens (six larvae for each sampling time) showed a large number of fluorescent cells and microcolonies within the digestive system both at 48 and 72 h postfeeding compared to control larvae ( Fig. 4C and D) . The presence of diffused single cells within the gut was also documented by CLSM (Fig. 4G) . Interestingly, the GFP-tagged A. tropicalis cells were restricted to a dense brown matrix, which is probably the peritrophic membrane, within the gut (Fig. 4A,   B , and C). This matrix appeared as a flexible gel in which the bacterial cells were fully entrapped (Fig. 4A) . The consistency of such a gelatinous matrix could be demonstrated by pricking the surface of the intestine with a small needle. The entire gelatinous matrix leaked out through these small holes, forming small hernias over the surface of the gut (Fig. 4E) . The stretched gelatinous matrix appeared concentrated in the hernias, where all the fluorescence could be observed, and absent from the underlying gut content (Fig. 4F) . As shown in Fig. 4J , TEM observation of the gut content showed a massive presence of cells with a bright nucleoid region surrounded by a matrix, two aspects typical for acetic acid bacteria (13) . The acetic acid bacterium Asaia exhibits the same features and is furthermore surrounded by a dense matrix, presumably of polysaccharidic nature, as visible in Fig. 4K (13) . Acetobacter species are well known, especially in the food industry, for the capacity of producing extracellular polysaccharides: they are either useful in traditional vinegar preparation as main components of the so-called "vinegar mother" (a slimy matrix used as vinegar inoculum) or disadvantageous in industrial production since they affect the product filterability (16) .
The ability and specificity of the colonization of B. oleae by A. tropicalis were further assessed by cofeeding olive fruit fly larvae with a DsRed-labeled E. coli and the GFP-labeled strain BA1.3(GFP). Fluorescence and CLSM examinations showed that in all experiments performed, the larval gut was always colonized by green fluorescent A. tropicalis but never by red fluorescent E. coli cells (data not shown), indicating that A. tropicalis possesses a specific capacity of colonizing the olive fruit flies. Figure 4H and I show CLSM images of the gut and Malpighian tubules of adults after colonization experiments. The organs were massively colonized by the GFP-labeled bacterium already at 48 (five adults out of five) and 72 (four adults out of four) h postfeeding. It has been suggested that the peritrophic membrane of B. oleae and closely related insect species may work as a mesh that prevents the passage of bacteria from intestinal lumen to the surface of the epithelium (26) . This hypothesis may explain our observations that the majority of A. tropicalis cells were detected within the peritrophic membrane, which was already formed in 4-day-old larvae. In agreement with this hypothesis, it has also been reported that, in contrast to other Tephritinae, there are no bacteria external to the peritrophic membrane of B. oleae (26) . However, the recolonization experiments showed the presence of A. tropicalis in both the gut and Malpighian tubules of the adult flies (Fig. 4) , suggesting that these bacteria can be localized outside the gut (and the peritrophic membrane). In addition, these experiments (Fig. 4) provided detailed information on how A. tropicalis organisms colonize the intestinal lumen internal to the peritrophic membrane: (i) bacterial cells can grow in the gut lumen since fluorescent bacterial microcolonies are visible (microcolonies are the consequence of bacterial growth, and (ii) bacterial cells are concentrated at the peritrophic membrane, suggesting that they establish an interaction with this structure.
Recent studies have shown that acetic acid bacteria are commonly associated not only with plants (18) but also with various insect species. For example, Acetobacter has been reported in Drosophila (8, 34, 35) , Gluconacetobacter in Apis (2), and Asaia in Anopheles (13) . All these arthropods live on sugar-based diets, suggesting that the presence of acetic acid bacteria could be linked to the insect sugar metabolism. The properties of the B. oleae gut environment are not described in the literature. Given that both Drosophila and Bactrocera flies are taxonomically closely related (Acalyptratae group, a subsection of Schizophora), the conditions in the B. oleae gut may be similar to those of Drosophila melanogaster. The gastrointestinal tract of Drosophila is composed of an acidic crop, a highly alkaline ventriculus, and a neutral to acidic hindgut (8) , where Acetobacteraceae can find a suitable environment to thrive. It is known that Acetobacteraceae acidify the medium during growth and likely create microniches with an acidic pH in the neutral and alkaline portions of the insect host's gut. This may explain why Drosophila and Bactrocera, both dipteran members of Acalyptratae, are inhabited by Acetobacteraceae. B. oleae is known to be associated with different bacterial species. However, this is the first time, to our knowledge, that bacteria belonging to the genus Acetobacter have been re- ported as symbionts of these flies (12, 20) ; the presence of another acetic acid bacterium, Asaia sp., in association with B. oleae was recently reported (36) . The detection of A. tropicalis in all olive fruit fly insects of both laboratory and natural populations suggests that its presence is not due to accidental contaminations and that it cannot be considered an opportunistic or occasional phenomenon. The specificity of this association was investigated with insect recolonization experiments: GFP-labeled A. tropicalis cells were localized in the digestive systems of the larvae and in the digestive systems and Malpighian tubules of adults in contrast to E. coli DH5␣ pKan(DsRed), which did not result in any bacterial establishment in the body of the olive fruit fly. It is noteworthy that A. tropicalis appeared associated to a slimy matrix within the intestine. It cannot be ruled out that this matrix was contributed by A. tropicalis and could play a role in maintaining the shape and the mechanical functions of the gut. Many acetic acid bacteria produce polysaccharides that can be important in food products and in industrial production (18) . There is scant knowledge about the role, the distribution, and the transmission route of acetic acid bacterial symbionts of insect hosts. For example, the precise role of Asaia in the mosquito Anopheles stephensi has not yet been established (13) ; however, the multiplicity of Asaia transmission routes to the progeny in Anopheles (environmental, maternal, paternal, and venereal) suggests that this bacterium plays an important role in the biology of the host (11) . The capacity of acetic acid bacteria to grow on different sugars and alcohols suggests that these bacteria affect the nutrition and the physiology of the host through their digestive processing of the ingested food. It has also been suggested that the presence of acetic acid bacteria in Drosophila contributes to gut homeostasis by balancing the ratio of different symbionts and regulating apoptosis of host cells (35) .
This study demonstrated the presence of A. tropicalis in olive fruit flies in different seasonal periods, as well as from different geographical locations. Further studies will be necessary in order to elucidate the nature of the association between A. tropicalis and B. oleae.
